Background: GTP-loaded Ran induces the assembly of microtubules into aster-like and spindle-like structures in Xenopus egg extract. The microtubule-associated protein (MAP), TPX2, can mediate Ran's role in aster formation, but factors responsible for the transition from asterlike to spindle-like structures have not been described. Results: Here we identify a complex that is required for the conversion of aster-like to spindle-like structures. The complex consists of two characterized MAPs (TPX2, XMAP215), a plus end-directed motor (Eg5), a mitotic kinase (Aurora A), and HURP, a protein associated with hepatocellular carcinoma. Formation and function of the complex is dependent on Aurora A activity. HURP protein was further characterized and shown to bind microtubules and affect their organization both in vitro and in vivo. In egg extract, anti-HURP antibodies disrupt the formation of both Ran-dependent and chromatin and centrosome-induced spindles. HURP is also required for the proper formation and function of mitotic spindles in HeLa cells. Conclusions: HURP is a new and essential component of the mitotic apparatus. HURP acts as part of a multicomponent complex that affects the growth or stability of spindle MTs and is required for spindle MT organization.
Introduction
The effect of chromatin on meiotic or mitotic spindle assembly depends on the action of the small GTPase Ran [1] [2] [3] [4] . In meiotic Xenopus egg extract, GTP bound Ran appears to affect multiple aspects of microtubule behavior during spindle formation. RanGTP induces the polymerization of microtubules (MTs), increases their stability, and can mediate their organization into polarized antiparallel overlapping arrays [1, [4] [5] [6] [7] . In mitosis, RanGTP activates factors involved in spindle assembly such as TPX2 [8] [9] [10] , NuMA [11] , and Rae1 [12] by dissociating them from importin a and/or importin b.
The motor protein Eg5 is a member of the BimC family of plus end-directed kinesins and plays an important role in the establishment and maintenance of spindle bipolarity [13] [14] [15] . Eg5 is a bipolar tetramer in solution and is capable of sliding antiparallel microtubules apart [16] . Its directionality and gliding rate makes Eg5 an attractive candidate for the generation of the MT flux seen in spindles [17, 18] . There is evidence that Eg5 may also be a target of RanGTP regulation [19] .
Addition of RanGTP to Xenopus egg extract induces the formation of aster-and spindle-like structures, while addition of TPX2, one of the Ran target proteins, induces the formation of asters but never spindle-like structures [8] . This suggested that additional RanGTP-regulated factors are involved in generating spindle bipolarity. Here, we characterize a complex that contains Eg5 and TPX2 along with Aurora A (Eg2), XMAP215, and a tumor-associated protein called HURP [20] that is required for Ran-spindle formation. Aurora A is a cell cycle-regulated serine/threonine kinase expressed at highest levels in G2/M phase. Aurora A overexpression interferes with mitotic exit and neoplastic transformation, while its downregulation by RNAi broadens spindle poles and reduces spindle size [21] . The Xenopus ortholog, Eg2, has been shown to phosphorylate and activate TPX2, which in turn binds to and activates the kinase. Importin a/b inhibits this activation [22] [23] [24] . In vitro studies have shown that XMAP215 affects catastrophe frequency during mitosis and is required for both MT growth from centrosomes and maintenance of spindle MT length [25] [26] [27] .
We show here that the HURP-containing complex of proteins is required for the transition from aster-like to polar, spindle-like RanGTP-induced structures in Xenopus egg extract. We analyzed the contribution of individual components of the complex in spindle bipolarity and found that Aurora A activity is required both for formation of the complex and for Ran-spindle assembly. We further investigated the role of HURP, since it is a novel MAP and its function in spindle assembly and mitosis was unknown. We found that HURP affects microtubule dynamics both in vivo and in vitro, as well as the transition from aster-like to spindle-like structures upon RanGTP addition. HURP is also necessary for proper mitotic spindle formation in Xenopus cycled egg extract and in mammalian cells, although the effect of HURP depletion on bipolarity in these systems is less severe. We suggest that HURP's tumor association [20] may be due to its role in spindle formation and function. and spindle-like (Ran-spindles) microtubule structures even in the absence of chromatin or centrosomes. Addition of one of the targets of RanGTP regulation, TPX2, to the extract induces the formation of asters but not spindles [8] . This suggests that additional RanGTP-regulated factors are needed for the formation of bipolar Ran-spindles. To assay for such activities, a mutant form of TPX2, which does not bind to importin a (DNLS TPX2) [9] , was used to induce aster formation. Addition of low concentrations of RanQ69L, a GTP hydrolysisdeficient mutant of Ran [28] , induced the formation of Ran-spindles ( Figure 1A ). Addition of excess importin a to this mixture inhibited the formation of Ran-spindles, but not of Ran-asters, providing evidence for the existence of factors that are essential for spindle formation and that, like TPX2 [8] , can be inhibited by excess importin a ( Figure 1A ). To identify these factors, we used biochemical fractionation of egg extracts to select for fractions that would restore Ran-spindle formation in reactions inhibited by importin a ( Figure 1A) . (A) Bipolarity assay used to identify factors involved in the formation of Ran-spindles. Ran-spindles were formed in the presence of DNLS TPX2 and RanQ69L (left). This reaction was inhibited in the presence of importin a (center). Rescue of the Ran-spindle-promoting activity was assayed by addition of fractionated Xenopus MAPs (right; for details of the purification, see Figure S1 ). (B) Quantitation (left) and assay of the Ran-spindle-forming activity of fractions from the final gel filtration column of the purification. (C) Silver-stained gel of the final gel filtration fractions from the purification. Arrows indicate the positions of HURP, XMAP215, Eg5, and Aurora A, which were identified in fraction 13 by mass spectrometry. (D) Immunoprecipitation was from Xenopus MAPs by means of the indicated antibodies. Western slots were probed for Aurora A/Eg2, XMAP215, Eg5, and TPX2. Error bars are the SEM.
We developed a fractionation protocol (see Figure S1A in the Supplemental Data available with this article online) by using microtubule-associated proteins (MAPs) prepared from CSF extract in the presence of AMP-PNP, a poorly hydrolysable analog of ATP. The MAPs were size fractionated on a Superose 6 gel filtration column. One fraction consistently contained the most activity (fraction 13, Figure 1B) . Several proteins eluted together in this fraction, and the estimated MW of the activity was 1500 K. The most prominent bands ( Figure 1C ) were analyzed by mass spectrometry. This identified Eg5, XMAP215, Aurora A, and a protein named HURP [20] , which had not been previously characterized as a MAP, in the active fraction. Western blot analysis additionally identified TPX2 and importin a. Further Western blot analysis confirmed the cofractionation of these proteins with the activity that promotes Ranspindle formation. In the case of XMAP215, only a small fraction of the total protein was in the active fraction ( Figure S1B ).
From different purification attempts, it became obvious that mild, native conditions were needed to maintain the activity, suggesting that some of the identified proteins might be in a complex. Immunoprecipitation experiments confirmed this conclusion. HURP, TPX2, XMAP215, Eg5, and Aurora A were coimmunoprecipitated by several antibodies, although use of the Aurora A antibody appeared to disrupt the complex ( Figure 1D ). Similar results were obtained when the immunoprecipitations were repeated in the presence of nocodazole, indicating that the interactions were not dependent on MTs (data not shown). Importin a, although in the fraction, was not coprecipitated ( Figure 1D , data not shown), and serves as a negative control.
Aurora A Is Essential for Ran-Spindle Formation
In order to understand what the function of the HURPcontaining complex might be, we set out to investigate the role of the individual components in Ran-spindle bipolarization. We first investigated the effect of depleting Aurora A/Eg2 from the active fraction. Since the gel filtration step of the fractionation produced very limited quantities of protein, the depletions were performed on the MAP fraction. When Aurora A was depleted, the remaining MAP fraction did not restore bipolarity in the Ran-spindle assay, leading to a severe reduction in spindle-like structures (Figure 2A ). Addition of recombinant Aurora A to the depleted MAP fraction restored the formation of spindle-like structures, while addition of a catalytically inactive Aurora A mutant, 162K/R [29, 30] , led to the formation of aberrant structures (Figure 2B) .
To examine whether the functional defect was due to the depletion of Aurora A alone or of the complex, we carried out gel filtration both after depletion and after depletion and readdition of recombinant wild-type or mutant Aurora A. The wt recombinant Aurora A was incorporated into the complex, while the mutant form was not reincorporated, as shown by gel filtration of the corresponding MAPs ( Figure 2C and data not shown). This suggests that Aurora A kinase activity is essential for formation of the complex and for its activity in spindle bipolarity.
XMAP215 Is also Part of the Ran-Spindle Bipolarity Complex
A population of XMAP215 was found to cofractionate with the complex, although the majority of the protein was present in inactive fractions ( Figure S1B ). To test whether XMAP215 was essential for bipolarity, we depleted XMAP215 from the MAP fraction. Addition of the depleted MAP fraction to the bipolarity assay did not restore the formation of Ran-spindles. Addition of recombinant XMAP215 to this mixture, however, did not rescue bipolarity ( Figure 3A ). Western blot analysis of the XMAP215-depleted MAP fraction revealed a dramatic reduction of Aurora A levels on XMAP215 depletion ( Figure 3B ) that would be sufficient to explain the reduction in Ran-spindle formation (see above). There was no significant reduction in other members of the complex, such as Eg5 or TPX2. Aurora A depletion from the MAP fraction did not efficiently codeplete XMAP215 (data not shown). This nonreciprocal behavior is probably due either to Aurora A antibodies weakening the interaction with XMAP215 ( Figure 1D ) and/or to the fact that most XMAP215 does not cofractionate with Aurora A ( Figure S1B ).
HURP Is Required for Ran-Spindle Formation
Analysis of the high molecular weight (250-300 kDa) bands ( Figure 1C ) identified four peptides with high homology to HURP (for hepatoma-upregulated) protein [20] . The Xenopus tropicalis homolog (LOC407899 in Ensembl X. tropicalis database) has a calculated MW of 98 kDa. Antibodies raised against xHURP recognized and immunoprecipitated different forms of the protein from X. laevis mitotic or interphase extract, one of approximately 130 kDa and at least two between 250 and 300 kDa ( Figure 4A ). Further Western blot and mass spectrometric analysis of the higher molecular weight bands (see below and data not shown) suggested that all correspond to forms of HURP. The larger HURP species survived extensive boiling in SDS and may represent a dimeric or oligomeric form of the protein, potentially formed through covalent linkage. Analysis of xHURP in cycling extract revealed a reduction in the high molecular weight form in interphase compared to mitosis and that the high molecular weight form bound preferentially to MTs (Figures 4A and 4B ). In HeLa cell extracts, a polyclonal antibody raised against human HURP recognized a 100 kDa band in HeLa cell mitotic extract, which was greatly reduced in interphase extract ( Figure 4A) .
To characterize HURP and analyze its role in Ran-spindle formation, we immunodepleted xHURP from CSF extract and assayed the effects. We were able to deplete 60%-70% of xHURP from the extract as compared to mock-depleted controls (data not shown). Depletion dramatically decreased the number of spindles and asters formed in response to RanGTP. This major reduction in MT formation was unexpected given the method by which we identified HURP, but further analysis of the depleted extracts revealed a severe reduction in TPX2 protein and a smaller reduction in XMAP215. Removal of TPX2 is sufficient to prevent chromatin-or Ran-dependent MT formation [8] , and the effect of the depletion was therefore not attributable to removal of HURP. To separate the function of HURP from that of TPX2, we added affinity-purified anti-xHURP-M antibodies to the extracts in an attempt to inhibit HURP function.
Incubation of CSF extract with RanQ69L led to the formation of Ran-asters at early time points (10 min). These reorganized into Ran-spindles after 25-30 min. When anti-HURP antibodies were added prior to or together with RanQ69L, a severe decrease in Ran-spindle formation was observed at 30 min, although the total number of MT structures (now mainly aster-like) remained unaffected. Antibodies against a control protein (Nup205) or nonimmune IgG had no effect on Ran-spindle formation ( Figures 4C and 4D ). MT formation was examined at earlier incubation times ( Figure 4E ). The Ran-asters that formed after 10-15 min incubation in anti-xHURP extract were 65% shorter in diameter than control Ran-asters, while the total tubulin fluorescence intensity in the average Ran-aster was reduced by 75%, indicating that both the length and the number of MTs were reduced in the presence of anti-xHURP ( Figure 4F ). The small aster phenotype caused by xHURP inhibition did not seem to result from reduced nucleation, since the number of asters was similar in the control and the anti-xHURPtreated extracts.
HURP Antibody Addition Reduces the Microtubule Density in Mitotic Spindles
We next tested whether spindles could form around sperm chromosomes, after cycling the CSF extract to allow DNA replication and centrosome duplication, in the presence of anti-xHURP. xHURP antibodies were (C) Western blot of gel-filtration fractions of MAPs that were first depleted of Aurora A/Eg2, then supplemented with recombinant his-tagged wt or mt Aurora A. Error bars are the SEM. titrated into egg extract either prior to cycling or as it was cycling back into mitosis, with similar results. Spindles were allowed to form for either 45 or 60 min and fixed. In control extract, most sperm nuclei had directed the formation of robust bipolar spindles by 45 min. AntixHURP antibodies at up to 150 mg/ml did not affect spindle bipolarity, and no increase in monopolar spindles was observed. Most spindle poles appeared to form normally, and alignment of the chromosomes on the metaphase plate also seemed normal ( Figure 5A ). The pole-to-pole length of spindles assembled in antixHURP-treated extract was reduced by 20% compared to the control spindles, and their breadth at the equator was 50% less than those in control extract ( Figure 5B) .
The most dramatic effect, however, was on the density of spindle MTs. Almost all spindles examined in the xHURP-inhibited extract had a greatly reduced number of MTs ( Figures 5A and 5B) . The extent of MT reduction varied depending on the concentration of xHURP antibody added and on the extract used. In six independent experiments, however, there was a very large reduction in rhodamine-tubulin fluorescence intensity, ranging from 50% to 95% reduction with an average of 80% ( Figure 5B ), when spindles formed in the presence of anti x-HURP were compared with controls. Interestingly, despite the very large decrease in MT density, the spindles maintained their overall shape.
HURP Stimulates Microtubule Bundling In Vitro
MAPs bind to MTs and regulate their stability and interactions. We tested the effect of recombinant hHURP by adding it to prepolymerized, taxol-stabilized MTs. Recombinant hHURP at a substoichiometric concentration (1.5 mM) caused efficient bundling of the MTs in conditions where the prepolymerized MTs were invisible in the light microscope (3 mM tubulin dimers, 30 min incubation, Figure 6A , top). Addition of anti-HURP antibody at a dilution of 1:10 or 1:100 dramatically reduced the bundling effect caused by the presence of recombinant HURP ( Figure 6B ).
EM analysis verified the bundling of MTs in the presence of recombinant hHURP ( Figure 6C ). Note that with this tubulin concentration (3 mM), only individual MTs are seen in the EM in the absence of hHURP. These results show that HURP increases the bundling of MTs in pure tubulin solutions. Similar effects were observed in CSF extract upon addition of the recombinant protein (data not shown).
HURP Is Required for Spindle Formation in Human Cells
We wished to test whether HURP has a role in spindle formation in mitotic human cells. In HeLa cells expressing GFP-HURP, the protein level increased at the beginning of mitosis and decreased dramatically at mitotic exit ( Figure S2 , Movie S1), consistent with the Western blot analysis of endogenous hHURP (Figure 1A) . This is in accordance with previous reports demonstrating that HURP is phosphorylated by cdk1-cyclin B and then subject to proteasome-mediated degradation [31] . Live-cell imaging of GFP-HURP and immunofluorescence of endogenous HURP revealed identical localization patterns (see also Tsou et al. [20] ). At the beginning of prophase, HURP was localized on MTs surrounding the centrosomes. In metaphase, the protein was mainly localized on kinetochore MTs ( Figure 7A , right, and Figure S2 , Movie S2). In anaphase A, HURP decorated spindle MTs and a few overlapping MTs in the spindle midzone; and in anaphase B, MTs close to the centrosomes and a few MTs surrounding the segregated chromosomes. At the end of telophase, HURP became undetectable ( Figure 7A , Figure S2 , Movie S2).
To test the function of HURP in spindle assembly in somatic cells, we performed RNA interference experiments in human tissue culture cells. siRNAs directed against human HURP were transfected into control HeLa cells and HeLa cells stably transfected with GFP-CENP-A [32] , and the effect on HURP protein was analyzed by Western blot and immunofluorescence in five independent experiments. After 27 hr of treatment, HURP protein levels were reduced by roughly 90% ( Figure 7B ). In almost all mitotic cells, reduction of HURP resulted in defects in chromosome capture and alignment as well as in spindle assembly. Examples are shown in Figure 7C . Chromosomes failed to align properly in metaphase, and a significant increase in defects in spindle size, shape, MT density, and number of poles were observed ( Figure 7C and data not shown) .
The HURP-depleted cells showed either no chromosome congression or a mixture of both congressed and noncongressed chromosomes. The latter was the most common phenotype ( Figure 7D ). In spite of these defects, live-cell imaging showed that HURP-depleted cells did not arrest or become apoptotic. Instead, they entered anaphase despite the lack of chromosome alignment, resulting in defective chromosome segregation ( Figure S3 , Movie S3).
Downregulation of HURP did not alter the localization of several centromeric or checkpoint proteins (Mad1, Bub1, BubR1, CENP-E, Aurora B; data not shown and Figure S4 ), indicating that HURP depletion did not disrupt kinetochores. Despite the severe spindle defects shown in cells with reduced levels of HURP, the cells inappropriately entered anaphase, apparently overriding the spindle assembly checkpoint. Thus, HURP is required for proper chromosome alignment and spindle assembly both in human somatic cells and in Xenopus egg extracts. Conclusions HURP is a newly described MAP that affects MT organization during mitosis both in vitro and in vivo. As part of a complex with other proteins (XMAP215, Eg5, TPX2, and Aurora A), it is required for the transition from Ran-asters to Ran-spindles, the bipolar spindle-like structures that form in the absence of chromosomes or centrosomes in response to RanGTP in M-phase Xenopus egg extract. xHURP antibody inhibition of Ran-induced MT organization suggests that at least part of the effect of HURP on bipolar structure formation is due to the reduction in either the growth or stability of the MTs present in the initial, aster-like, structures induced by RanGTP prior to Ran-spindle assembly.
In the presence of chromosomes and centrosomes, HURP inhibition appears mainly to affect the number of spindle MTs and not spindle bipolarity. This effect is again potentially explained by a reduction in MT growth or stability when the HURP complex is inactivated. The different effects on bipolarity in the two types of spindle structure likely reflect differences in the intrinsic properties of these structures, as discussed below. Our data show that HURP is required for proper spindle formation in vitro and in vivo.
Identification of a HURP-Containing Complex
When added to CSF extract in excess, RanGTP leads to the production of bipolar spindle-like structures (see Introduction). One of the factors regulated by Ran is TPX2, which is essential for Ran-mediated MT assembly and, when rendered constitutively active by mutation of an importin a binding site, is sufficient to induce the formation of asters but not bipolar structures. We used this mutant form of TPX2 as the basis for a biochemical assay for Ran-and importin a-regulated factors necessary for the transition from aster-like to spindle-like bipolar structures. First, we showed that the presence of importin a inhibits this transition, indicating that spindle-like formation is a discrete importin a and Ran-regulated function, separate from aster-like formation or MT nucleation.
Second, we showed that a single activity that overcame importin a inhibition behaved as a high molecular weight species on size fractionation.
In the active fraction, we identified several MAPs; TPX2, XMAP215, and HURP; a motor previously shown to be required for spindle bipolarity, Eg5; and a kinase, Aurora A/Eg2, that has various mitotic roles. A series of experiments with different antibodies directed against these proteins showed that all can be coimmunoprecipitated from the MAP fraction, confirming the existence of a multicomponent complex in the egg extract. On depletion of Aurora A or on replacement of wild-type Aurora A with a kinase-dead mutant form, the remaining components of the complex no longer fractionated as a defined complex and no activity was detected in the bipolarity assay. Thus, Aurora A kinase activity seems to be required for both complex formation and activity. At least two other components of the complex, TPX2 and HURP, are Aurora A substrates [22] [23] [24] 33] . Since the proteins contained in the complex are mostly known to be phosphoproteins, Aurora A could potentially act to modulate their activities or their interactions.
HURP-specific antibodies do not disrupt the complex (since they coimmunoprecipitate all the components), but their addition to CSF extract abolishes Ran-dependent spindle bipolarization. Combining the HURP inhibition and Aurora A depletion data provides strong evidence that it is the HURP complex that is active in bipolarization rather than the individual components acting separately. Proof of this will, however, require reconstitution of the complex from its pure components, an experiment that is currently not technically feasible.
The Role of the HURP Complex Our data suggest several possible mechanisms by which the HURP complex might induce bipolarization that are not mutually exclusive. The addition of HURP to pure tubulin or to egg extract in excess (data not shown) led to the stabilization and bundling of MTs. Antibody inhibition of HURP in extract not only reduced bipolarization but also the number of MTs in TPX2-induced aster-like structures. Similarly, when added to Xenopus cycled extracts that contain chromatin templates composed of duplicated chromosomes and associated centrosomes, HURP antibodies severely reduced the number of MTs present in the resulting spindle structures. All of these data are consistent with the hypothesis that a function of HURP and the HURP complex is either to stabilize MTs or to promote their growth. Interestingly, results obtained from computer simulations of bipolar spindle formation [34] have led to the conclusion that both MT growth and the number of MT plus ends present in asters are critical parameters for the transition between aster-like and spindle-like structures. Thus, a reduction in MT stability or growth may be sufficient to explain the effects of the HURP antibodies.
The composition of the HURP complex suggests that it may in fact have additional functions. Eg5 is known to be required for spindle bipolarity [13] [14] [15] and has been suggested to be regulated by Ran [6] . Our results suggest that it may be Eg5 in combination with other components of the HURP complex that is required for bipolarity in this experimental system. The other components of the complex may act in conjunction with Eg5 by stabilizing the MTs on which it acts or by targeting the complex to a specific subset of MTs. In addition, the presence of Eg5 with three other MT binding proteins in one complex may contribute to efficient crosslinking of antiparallel MTs during spindle assembly.
HURP and Mitotic Spindles
The effects of HURP antibodies on ''cycled'' spindles in vitro or its depletion from HeLa cells in vivo are not due to a lack of spindle bipolarization. This difference from the requirement for HURP in Ran-spindle bipolarity might have two explanations. First, HURP and the HURP complex might have no role in bipolarization of chromosome-and centrosome-containing spindles. Second, chromosomes and/or centrosomes might provide mitotic spindles with alternative mechanisms of generating bipolarity that are not available to the Randependent spindle-like structures. Given the severe effects of HURP depletion or inhibition on mitotic spindle formation, we think the second explanation is more probable and that there may be redundant mechanisms that contribute to mitotic spindle bipolarity. According to the flux model [35] , Eg5 moves toward the minus ends of MTs, thus requiring additional factors to either recycle it to the overlapping MTs or to tether it there. It is possible that in the Ran-spindles, the mechanism for keeping Eg5 at the overlap zone is different, or less redundant, compared to that in mitotic spindles. Nevertheless, affecting HURP's function results in defects in spindle assembly in all systems tested (Ran-spindles and ''cycled'' spindles in vitro, mammalian cells in vivo).
HURP and Chromosome Segregation
In HeLa cells, HURP appears to concentrate on kinetochore MT fibers, and depletion of HURP from HeLa cells has a severe effect on chromosome alignment at the metaphase plate. HURP overexpression in transiently transfected HeLa cells also leads to defects in spindle formation (our unpublished results). Remarkably, despite the presence of these abnormalities, these cells inappropriately enter anaphase, leading to defective chromosome segregation and nondisjunction events. Since localization of several centromeric and checkpoint proteins (Mad1, Bub1, BubR1, CENP-E, our unpublished results) is not altered, HURP depletion enables inappropriate anaphase onset bypassing the spindle assembly checkpoint. Further work is required to elucidate the reason for this phenotype, but it is interesting to note that cells overexpressing Aurora A also bypass the spindle assembly checkpoint and this is dependent upon Bub1 [36] .
HURP was discovered as a protein that is overexpressed in hepatocarcinomas. Although it is as yet far from clear that HURP is directly involved in oncogenic transformation, these results provide a rationale for believing that it may be.
In summary, our results identify a new and essential component of the mitotic apparatus, HURP. Our in vitro data provide evidence that HURP acts as part of a multicomponent complex that affects the growth or stability of spindle MTs and that may play additional roles in spindle MT organization. Many questions remain open. What are the molecular functions of HURP and the complex? What is the detailed mechanism of their regulation by RanGTP and importin a? And is the misfunction of the complex important in cancer? Future work will address these issues.
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